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ABSTRACT
We report Karl G. Jansky Very Large Array (VLA) and Atacama Large Millimeter Array (ALMA) spec-
troscopy in the redshifted molecular oxygen (O2) 56.265 GHz and 424.763 GHz transitions from the z =
0.88582 gravitational lens towards PKS 1830−21. The ALMA non-detection of O2 424.763 GHz absorption
yields the 3σ upper limit N(O2) ≤ 5.8 × 1017 cm−2 on the O2 column density, assuming that the O2 level
populations are thermalized at the gas kinetic temperature of 80 K. The VLA spectrum shows absorption by
the CH3CHO 56.185 GHz and 56.265 GHz lines, with the latter strongly blended with the O2 56.265 GHz line.
Since the two CH3CHO lines have the same equilibrium strength, we used the known CH3CHO 56.185 GHz
line profile to subtract out the CH3CHO 56.265 GHz feature from the VLA spectrum, and then carried out a
search for O2 56.265 GHz absorption in the residual spectrum. The non-detection of redshifted O2 56.265 GHz
absorption in the CH3CHO-subtracted VLA spectrum yields N(O2) ≤ 2.3 × 1017 cm−2. Our 3σ limits on
the O2 abundance relative to H2 are then X(O2) ≤ 9.1 × 10−6 (VLA) and X(O2) ≤ 2.3 × 10−5 (ALMA).
These are 5− 15 times lower than the best previous constraint on the O2 abundance in an external galaxy. The
low O2 abundance in the z = 0.88582 absorber may arise due to its high neutral carbon abundance and the fact
that its molecular clouds appear to be diffuse or translucent clouds with low number density and high kinetic
temperature.
Subject headings: Galaxies: individual (PKS1830−21) — quasars: absorption lines — ISM: abundances
1. INTRODUCTION
Molecular oxygen (O2) has long been identified as a criti-
cal species for the understanding of cooling and energy bal-
ance in molecular clouds, and of interstellar chemistry (e.g.
Goldsmith & Langer 1978; Goldsmith et al. 2011). In stan-
dard models of chemistry, the O2 abundance relative to that
of molecular hydrogen H2 is expected to rise to X(O2) ≡
N(O2)/N(H2) ∼ 10
−5
, comparable to the carbon monox-
ide abundance, at times beyond ∼ 3 × 105 years (e.g.
Herbst & Klemperer 1973; Marechal et al. 1997). Remark-
ably, despite numerous searches with the Submillimeter Wave
Astronomy Satellite, and the Odin and Herschel satellites, O2
has been detected in only two directions in the Galaxy, to-
wards ρOph A (Larsson et al. 2007; Liseau et al. 2012) and
Orion H2 Peak 1 (Goldsmith et al. 2011; Chen et al. 2014),
with abundances X(O2) ≈ 5× 10−8 (ρOph A; Larsson et al.
2007; Liseau et al. 2012) and ≈ 10−6 (Orion H2 Peak 1,
whose relatively high abundance has been explained as aris-
ing due to a low-velocity C-type shock, with a modest far-
ultraviolet radiation field Goldsmith et al. 2011; Chen et al.
2014; Melnick & Kaufman 2015). The majority of searches
have yielded low O2 abundances in both diffuse and dark
clouds, X(O2) < 10−7 (e.g. Pagani et al. 2003; Yıldız et al.
2013), two orders of magnitude lower than expected. Al-
though many attempts have been made to explain the
paucity of O2 (e.g. Bergin et al. 2000; Charnley et al. 2001;
Quan et al. 2008; Hollenbach et al. 2009; Whittet 2010), the
low O2 abundances in molecular clouds remain a serious
problem for models of chemistry.
For cosmologically-distant galaxies, the O2 lines are red-
shifted outside the telluric bands and can be observed with
1 Swarnajayanti Fellow; National Centre for Radio Astrophysics, Tata
Institute of Fundamental Research, Ganeshkhind, Pune - 411007, India;
nkanekar@ncra.tifr.res.in
2 Department of Physics, New Mexico Institute of Mining and Technol-
ogy, 801 Leroy Place, Socorro, NM 87801
ground-based telescopes. Unlike satellite-based O2 emission
searches, where the large telescope beam means that the de-
rived X(O2) is an average over multiple molecular clouds,
searches for O2 in absorption towards compact radio sources
provide estimates of X(O2) in individual clouds along the
sightline. Such observations are especially interesting for
high-z systems as they allow studies of interstellar chemistry
in much younger galaxies.
The two best targets for a search for redshifted
O2 in absorption are the spiral gravitational lenses at
z ∼ 0.685 and z ∼ 0.886 towards B0218+357 and
PKS1830−21, respectively, which show absorption in a va-
riety of molecular species (e.g. Wiklind & Combes 1995,
1996, 1998; Combes & Wiklind 1997; Chengalur et al. 1999;
Kanekar et al. 2003; Henkel et al. 2005; Muller et al. 2014).
Molecular absorption studies of these galaxies have been
used to determine physical conditions in the absorbing clouds
(e.g. Henkel et al. 2008; Menten et al. 2008), to estimate the
temperature of the microwave background (e.g. Muller et al.
2013), and even to constrain changes in the fundamental con-
stants of physics (e.g. Kanekar 2011; Bagdonaite et al. 2013;
Kanekar et al. 2015).
Searches for O2 absorption have been carried out at z =
0.685 towards B0218+357 in the O2 368 GHz and 424 GHz
transitions (Combes & Wiklind 1995) and the O2 56 GHz and
119 GHz transitions (Combes et al. 1997). These yielded the
upper limit N(O2) < 2.9 × 1018 cm−2 on the O2 column
density, where we have updated the results of Combes et al.
(1997) for an O2 excitation temperature equal to the inferred
gas kinetic temperature (55 K; Henkel et al. 2005). The H2
column density of the z ∼ 0.685 absorber is≈ 2×1022 cm−2
(Gerin et al. 1997; Kanekar & Chengalur 2002); this yields
X(O2) ≤ 1.5× 10
−4
, three orders of magnitude poorer than
the limits from Galactic studies (e.g. Pagani et al. 2003).
We have used the Karl G. Jansky Very Large Array (VLA)
and the Atacama Large Millimeter Array (ALMA) to search
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for redshifted O2 absorption in the z = 0.886 spiral lens to-
wards PKS1830−21. In this Letter, we report results from
our observations, which yield stringent constraints on the O2
abundance in this galaxy.
2. OBSERVATIONS, DATA ANALYSIS AND RESULTS
2.1. VLA observations
The Ka-band receivers of the VLA were used in July 2010
to carry out a search for O2 12 → 11 56.2648 GHz absorption
at z = 0.88582 towards PKS 1830−21 (proposal AK725).
The observations used the WIDAR correlator as the backend,
with a single 128 MHz band, sub-divided into 256 channels,
centred at the redshifted O2 line frequency of 29.835 GHz,
and two circular polarizations. Observations of 3C286 and
the bright sources 3C273 and J2253+1608 were used to cali-
brate the flux density scale and the system bandpass, respec-
tively. The total on-source time was 2 hours, with 19 working
antennas in the VLA C-configuration
The VLA data were analysed in “classic” AIPS using stan-
dard procedures. Note that PKS 1830−21 is unresolved by
our 19-antenna VLA C-array at Ka-band. After initial cali-
bration, the tasks UVSUB and UVLIN were used to subtract the
image of PKS 1830−21 from the calibrated visibilities, and
then to subtract out any residual continuum by fitting a linear
baseline to line-free channels. The residual visibilities were
then imaged and the final spectrum covering the redshifted
O2 56.265 GHz transition obtained by taking a cut through
the spectral cube at the location of PKS 1830−21.
The final VLA spectrum is shown in the left panel of
Fig. 1, with optical depth against the S-W image compo-
nent of PKS 1830−21 plotted versus heliocentric frequency,
in GHz. The root-mean-square (RMS) noise on the spec-
trum is ≈ 1.1 × 10−3 per 5 km s−1 channel, in optical depth
units (assuming that the S-W component contains ≈ 38% of
the total flux density of PKS 1830−21 at these frequencies;
e.g. Muller et al. 2011). A strong absorption feature, with
an integrated optical depth of ≈ (0.146 ± 0.014) km s−1,
is clearly visible at the expected frequency of the redshifted
O2 56.265 GHz line (indicated by the dashed vertical line).
However, it was realized that there is a CH3CHO transition
(3−1,3 → 2−1,2 E) at a rest frequency of 56.2652 GHz that
would be strongly blended with the O2 56.265 GHz line, and
that might cause the observed absorption. Further, a sec-
ond absorption feature is visible at ≈ 29.793 GHz, which
could be redshifted CH3CHO absorption, in the 31,3 →
21,2 A++ transition. If the two features indeed arise from
CH3CHO, it would be difficult to draw conclusions about the
O2 abundance (although see below). We hence carried out an
ALMA search for redshifted O2 424 GHz absorption, to test
whether the VLA absorption feature indeed arises from the
O2 56.265 GHz line.
2.2. ALMA observations
The Band-6 receivers of ALMA were used in March 2014
to search for redshifted O2 12 → 32 424.7631 GHz absorp-
tion at z = 0.88582 towards PKS 1830−21. The observa-
tions used four 1.875 GHz intermediate frequency (IF) bands,
each sub-divided into 3840 channels, and with 2 polarizations.
The four IF bands were centred at 225.780 GHz (covering
the redshifted O2 424 GHz line frequency), 228.530 GHz,
241.033 GHz and 243.733 GHz. Observations of Titan,
J1733−1304, J1923−2104, and a few calibrators were used
to calibrate the flux density scale and the system bandpass
and gain. The total on-source time was ≈ 2 hours, with 25
ALMA antennas.
The ALMA data were analysed in two stages, first using
the CASA pipeline to carry out the initial calibration proce-
dure, and then self-calibrating the data of PKS 1830−21 in
AIPS. The flux density scale was calibrated using the short-
baseline data on Titan, and this was then extended to longer
baselines by bootstrapping the data of J1923−2104. The data
of J1733−1304 and J1923−2104 were, respectively, used to
calibrate the system bandpass and initial gain. After applying
the initial calibration in CASA, a standard self-calibration pro-
cedure was used in AIPS, with a few rounds of phase-only self-
calibration followed by a single round of amplitude-and-phase
self-calibration. The final image has a synthesized beam of
≈ 1.0′′ × 0.8′′ (with the two strong image components of
PKS 1830−21 marginally resolved), and an RMS noise of
≈ 0.14 mJy/Beam. The task JMFIT was used to measure the
flux densities of the N-E and S-W image components, via a
2-Gaussian fit to the final image; this yielded flux densities
of 549.98 ± 0.43 mJy (N-E) and 342.63 ± 0.43 mJy (S-W).
The continuum image of PKS 1830−21 was then subtracted
from the calibrated visibilities of each IF band using the task
UVSUB, and the residual visibilities of each band were then
imaged to produce a spectral cube, after shifting the data to
the heliocentric frame. The spectrum for each IF band was
then produced via a cut through the cube at the location of the
S-W image component. The final spectra have an RMS noise
of ≈ 1.0 − 1.3 mJy at the re-sampled velocity resolution of
≈ 1.3 km/s.
The final Hanning-smoothed and re-sampled spectra from
the four ALMA IF bands (after subtracting a second-order
baseline) against the S-W component are shown in the four
panels of Fig. 2, with optical depth plotted versus heliocen-
tric frequency, in GHz. All spectra are shown after smoothing
to, and re-sampling at, a velocity resolution of ≈ 6.5 km s−1
the resolution at which the search for redshifted O2 424 GHz
absorption was carried out. No evidence for O2 424 GHz
absorption can be discerned in the spectrum in the top left
panel of Fig. 2. The final RMS noise on the spectrum is
≈ 1.8× 10−3 per 6.5 km s−1 channel, in optical depth units.
In passing, we note that four absorption features were
clearly detected in the ALMA spectra; three of these cor-
respond to the CO (4–3) and two CN (4–3) transitions (see
Fig. 2). However, we have been unable to identify the fourth
transition, at ≈ 226.033 GHz, i.e. at rest-frame frequen-
cies of 426.257 GHz (at z = 0.88582, the absorber be-
ing studied here), 792.698 GHz (at z = 2.507, the red-
shift of PKS 1830−21; Lidman et al. 1999) or 269.567 GHz
(at z = 0.1926, the redshift of another known absorber to-
wards PKS 1830−21; Lovell et al. 1996). The line width is
≈ 5 km s−1, similar to that of other high-frequency transi-
tions from the z = 0.88582 absorber. It appears that this is
not a known low-energy transition of a species expected to be
abundant in the ISM.
3. DISCUSSION
The first question is whether the absorption feature seen at
≈ 29.836 GHz in the VLA spectrum of PKS 1830−21 arises
from O2 or from CH3CHO (or, indeed, some other transi-
tion). The lower energy level of the O2 56 GHz and O2
424 GHz transitions is the same (the 12 state; see Fig. 3),
permitting a direct comparison between the expected opti-
cal depths in the two lines. Of course, the ratio of the line
strengths depends on the respective excitation temperatures.
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FIG. 1.— Left panel: The final VLA spectrum towards PKS 1830−21, with optical depth against the S-W component (in units of 1000 × τ ) plotted against
barycentric frequency, in GHz. The dashed vertical line indicates the redshifted O2 56 GHz line frequency, while the dotted vertical lines indicate the redshifted
frequencies of the two CH3CHO lines (one of which is in excellent agreement with the O2 frequency). Right panel: The residual VLA spectrum, with optical
depth plotted versus velocity (in km s−1, relative to z = 0.88582), covering the velocities around the redshifted O2 56 GHz line frequency after subtracting out
the CH3CHO 56.185 GHz line profile from the spectrum.
In the case of the z = 0.88582 absorber, the number den-
sity nH2 and kinetic temperature Tk of the molecular gas
have been estimated to be nH2 ∼ 1700 − 2600 cm−3 and
Tk ≈ 80 K (Henkel et al. 2008, 2009). For number densities
& 103 cm−3 and Tk ≥ 30 K, the O2 line populations are
expected to be thermalized (e.g. Goldsmith et al. 2000), i.e.
Tx ≈ Tk. For Tx ≈ 80 K, the 424 GHz line is expected to be
slightly stronger than the 56 GHz line, τ424 ≈ 1.1× τ56. Our
ALMA 3σ limit on the integrated O2 424 GHz optical depth
is ≈ 0.037 km s−1, a factor of 5 lower than the integrated
optical depth (≈ 0.146 ± 0.014 km s−1) of the 29.836 GHz
absorption feature in the VLA spectrum. We can thus conclu-
sively rule out the possibility that the VLA absorption feature
arises from the O2 56 GHz transition. The feature is most
likely to arise from the CH3CHO 3−1,3 → 2−1,2 E transition.
The ALMA upper limit to the O2 424 GHz optical depth
can be used to place a limit on the total O2 column density.
For Tx = 80 K, this gives N(O2) ≤ 5.8 × 1017 cm−2, at 3σ
significance.
Interestingly, the two CH3CHO transitions (3−1,3 →
2−1,2 E and 31,3 → 21,2 A++) seen in the VLA spectrum at,
respectively, 29.836 GHz and 29.793 GHz, have the same line
strengths. One can hence subtract one from the other to search
for any additional absorption arising from the O2 56 GHz
line. This was done by using two-point interpolation to resam-
ple the CH3CHO 31,3 → 21,2 A++ line profile at the mea-
sured velocities of the CH3CHO 3−1,3 → 2−1,2 E line, and
then subtracting out the resampled line profile from the lat-
ter spectrum. This procedure is unlikely to yield any system-
atic effects, as both CH3CHO line profiles are well-sampled,
with at least 3 independent spectral points detected at > 5σ
significance. No absorption is detected in the residual VLA
spectrum, yielding an integrated O2 56 GHz optical depth of
< 0.0131 km s−1, again at 3σ significance, against the S-W
component of PKS 1830−21. Again using Tx = 80 K, this
yields N(O2) ≤ 2.3 × 1017 cm−2, a factor of ≈ 2.5 more
stringent than the ALMA upper limit.
The H2 column density of the z ∼ 0.886 lens has been
estimated to be ≈ 2.5 × 1022 cm−2 (Gerin et al. 1997;
Wiklind & Combes 1998). These are broadly consistent with
estimates of the total hydrogen column density towards both
lensed images from Chandra and ROSAT X-ray spectroscopy,
N(H) = (1.8 − 3.5) × 1022 cm−2 (Mathur & Nair 1997;
Dai et al. 2006). Note that, while Muller & Gue´lin (2008) ar-
gue that the H2 column density may be an order of magni-
tude larger than the above values to account for the detection
of species such as HC17O+ and HC15N in absorption, such a
high value of N(H2) appears to be ruled out by the X-ray data.
Using a value of N(H2) = 2.5 × 1022 cm−2 yields O2 abun-
dances of X(O2) ≤ 9.1 × 10−6 and X(O2) ≤ 2.3 × 10−5
from the VLA (CH3CHO-subtracted) O2 56 GHz and the
ALMA O2 424 GHz non-detections, respectively. Of course,
if the higher H2 column density estimate of Muller et al.
(2011) is correct, then our constraints on the O2 abundance
would be more stringent by an order of magnitude, i.e.
X(O2) ≤ 9.1× 10
−7
.
Prior to this work, the strongest constraint on the O2 abun-
dance outside the Milky Way was X(O2) ≤ 1.5 × 10−4
in the z = 0.685 absorber towards B0218+357 (see Sec-
tion 1; Combes et al. 1997). Our VLA upper limit on the O2
abundance in the z = 0.886 absorber towards PKS 1830−21
is a factor of ≈ 15 lower than this, and comparable to
the measured O2 abundance towards the Orion H2 Peak 1
(Goldsmith et al. 2011). However, our limit is nearly two or-
ders of magnitude weaker than the constraints on, or measure-
ments of, O2 abundances in the Milky Way (e.g. Pagani et al.
2003; Larsson et al. 2007; Liseau et al. 2012). Unfortunately,
the high gas kinetic temperatures in the two gravitational
lenses, ≈ 55 K in the z = 0.685 absorber and ≈ 80 K in the
z = 0.886 absorber, imply that it will not be easy to improve
upon our present constraint and achieve an O2 abundance sen-
sitivity comparable to those in the Milky Way.
While our O2 abundance constraints for the z = 0.88582
absorber are less stringent than those in the Galaxy, these are
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FIG. 2.— Spectra towards PKS 1830−21 from the four ALMA IF bands, at a velocity resolution of ≈ 6.5 km s−1. The dashed vertical line in the top
left panel indicates the redshifted O2 424 GHz line frequency; no absorption is detected here. The two absorption features in the top right panel are from the
CN (4–3) 453.392 GHz and 453.607 GHz transitions, while the strong feature in the bottom right panel is the CO (4–3) transition. The transition giving rise to
the absorption feature at ≈ 226.033 GHz (indicated by a question mark) in the top left panel remains unidentified.
by far the most sensitive constraints in an external galaxy.
Further, the Galactic estimates stem from emission studies
with differing angular resolution in the O2 and CO lines.
The derived abundances are hence an average over multi-
ple molecular clouds with different excitation conditions; this
can imply large uncertainties in X(O2), of upto two orders
of magnitude (e.g. Liseau et al. 2010). The resolution of the
present interferometric absorption study is determined by the
size of the background radio continuum at the observing fre-
quency. For PKS 1830−21, the emission from the S-W im-
age at high frequencies (14.5 − 43 GHz) arises in a compact
source of size< 0.5 mas (Jin et al. 2003; Sato et al. 2013), i.e.
transverse size < 4 pc at z = 0.88582. The O2 abundance es-
timates are hence likely to be reliable here, as both the O2 and
the H2 column densities are inferred from absorption studies
probing the same pencil beam towards the S-W image.
Finally, it is clear that we rule out O2 abundances of
≈ 10−5 at 3σ significance in the z = 0.886 lens towards
PKS 1830−21. As noted earlier, the O2 abundance is ex-
pected to reach about this level, comparable to the CO abun-
dance, in standard models of molecular chemistry within ≈
3× 105 years (e.g. Herbst & Klemperer 1973; Marechal et al.
1997). The low O2 abundance thus appears a conundrum,
even for the z = 0.886 absorber. A possible explanation lies
in the high derived abundance of neutral carbon in this system
by Bottinelli et al. (2009), who obtain N(C)/N(H2) ≈ 10−4,
somewhat larger than the CO abundance. In typical molecular
clouds, O2 is destroyed by the reactions C+O2 → CO+O,
C+ + O2 → CO + O
+
, and C+ + O2 → CO+ + O. The
high carbon abundance in the z = 0.886 absorber is thus
unfavourable for the survival of O2, and can account for its
low abundance. Bottinelli et al. (2009) also note that the high
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FIG. 3.— Low energy level diagram for O2, adapted from Marechal et al.
(1997), with levels labeled by their (N,J) quantum numbers. The observed
transitions and transitions of comparable energy are displayed with solid
and dashed arrows, respectively. Transition are labeled by their rest fre-
quency (in GHz, from Splatalogue; e.g. Pickett et al. 1998; Remijan et al.
2007; Drouin et al. 2010) and radiative/collisional rate coefficients [as
(log[Aul], log[Cul]), with values for Cul from the RADEX database;
Scho¨ier et al. 2005; Lique 2010].
carbon abundance relative to CO suggests that the absorbing
gas arises in translucent clouds, or clouds in an early phase
of the transition from diffuse to dense gas, with low densi-
ties and mild-UV fields. This is consistent with the high gas
kinetic temperature, (≈ 80 K), and relatively low densities
(≈ 1700− 2600 cm−3) obtained by Henkel et al. (2009), im-
plying that the absorber at z = 0.88582 does not arise in a
classical dark cloud.
In summary, we have used the VLA and ALMA to ob-
tain tight constraints on the O2 abundance (relative to H2),
X(O2) ≤ 9.1 × 10
−6
, in the z = 0.88582 spiral gravita-
tional lens towards PKS 1830−21. This is a factor of & 15
more stringent than the best previous constraint on the O2
abundance in an external galaxy. We argue that the low O2
abundance in the z ∼ 0.886 lens may arise due to its high
neutral carbon abundance (resulting in the efficient destruc-
tion of O2), and the fact that the absorbing clouds are proba-
bly not dark clouds, but instead diffuse or translucent clouds,
with relatively low number density and high gas kinetic tem-
perature.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2012.1.00581.S. ALMA is a partnership
of ESO (representing its member states), NSF (USA) and
NINS (Japan), together with NRC (Canada), NSC and
ASIAA (Taiwan), and KASI (Republic of Korea), in coop-
eration with the Republic of Chile. The Joint ALMA Ob-
servatory is operated by ESO, AUI/NRAO and NAOJ. This
paper also makes use of VLA data (proposal 10A-110). The
National Radio Astronomy Observatory is operated by Asso-
ciated Universities, Inc, under cooperative agreement with the
NSF. NK acknowledges support from the Department of Sci-
ence and Technology via a Swarnajayanti Fellowship. DSM
acknowledges partial support by the National Science Foun-
dation through grant AST-1009620.
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